1. Introduction
===============

Systemic lupus erythematous (SLE) is a systemic autoimmune disease that may be induced by multiple risk factors such as genetics, environment, sex hormones, and drugs.^\[[@R1],[@R2]\]^ Lupus nephritis (LN) is one of the most common complications of SLE. LN-associated end-stage kidney disease (ESKD) is a major cause of mortality in SLE patients. The poor outcomes from LN leading to ESKD are associated with delayed treatment of active LN,^\[[@R3]\]^ as active LN would initiate fibrosis which further results in glomerulosclerosis, and interstitial and vascular fibrosis.^\[[@R4]\]^

To avoid or delay ESKD, a timely suppression of active LN with immunosuppressants is essential for preservation of the glomeruli and renal tubules. Nonetheless, excessive immunosuppression may cause fatal infections or tumors in the long term.^\[[@R5]\]^ Therefore, a well-adjusted immunosuppression is the key to keep the balance. However, as active LN is usually asymptomatic and determination of LN activity is based on a complicated system of multiple parameters, it is impossible for patients to judge whether LN is active or inactive based on the current criteria. This could consequently lead to a prolonged over-immunosuppression or a delayed treatment of the active LN.

Clinical symptoms, blood examinations, urinary tests, and occasional kidney biopsies are used for monitoring the LN activities.^\[[@R6]\]^ These tests need to be conducted at a hospital and the results interpreted by medical professionals. As a result, the majority of LN patients are monitored by regular or clinical symptom-initiated hospital visits. These traditional methods cause unnecessary hospital visits or delayed treatment of active LN. A home-based accurate urinary test conducted and interpreted by patients may improve the monitoring of LN activity, reduce unwanted hospital visits, help with a timely management of active LN, and decrease the occurrence of over-immunosuppression. These home-based urinary tests must be adequately sensitive and specific, easy to conduct and interpret, and affordable. Furthermore, the results should be recordable for tracing the changes of the LN activities.

We initiated an investigation to search for urinary biomarkers that could be developed into a home based simple test. We collected urine samples from SLE patients just before kidney biopsy. Consequently, all active LN patients were biopsy-proven. After a screening test and several rounds of verification, we found that soluble intercellular adhesion molecule-1 (sICAM-1) in urine was an excellent indicator for monitoring LN activity. We then developed a colloid gold-based strip test that could be conducted by patients at home for self-examination. Furthermore, taking advantage of the development of Internet of things (IoT) and cloud computing,^\[[@R7]\]^ we successfully established an e-healthcare system for the rapid test with a cloud-assisted IoT in the hope to provide a digital and recordable home-based monitoring system to LN patients.

2. Methods
==========

2.1. Patients
-------------

One hundred twenty-five active LN patients, 31 inactive LN patients, 36 SLE patients without LN, and 55 healthy controls were enrolled in this study. The clinical characteristics of all subjects are presented in table, Supplemental Content 1, which illustrates clinical characteristic of the subjects.

All patients were from West China Hospital of Sichuan University, Chengdu, China. SLE was diagnosed according to the 1997-updated American College of Rheumatology criteria for SLE.^\[[@R8]\]^ LN was diagnosed and classified by SLE history plus renal biopsy results which were assessed according to International Society of Nephrology/Renal Pathology Society (ISN/RPS) guidelines. All active LN patients were diagnosed based on SLE history plus clinical evidence of active LN (persistent proteinuria \>0.5 g per day or greater than 3+ by dipstick, and/or cellular casts including red blood cells, hemoglobin, granular, tubular, or mixed^\[[@R6]\]^) and confirmed by biopsy histology with renal activity index (AI) ≥ 1. Inactive LN patients were defined by LN history plus absence of clinical evidence of active LN.

The SLE disease activity index (SLEDAI) score were evaluated by 2 independent specialists^\[[@R9]\]^ (interobserver agreement: kappa = 0.98, 95% confidence internal = 0.95--1.00). AI was described and scored by 2 independent pathologists according to the criterion published by Austin et al.^\[[@R10]\]^ The appearance of cellular proliferation, fibrinoid necrosis, karyorrhexis, cellular crescents, hyaline thrombi, wire loops, leukocyte infiltration, or mononuclear-cell infiltration was considered as an active change. Each feature mentioned above was scored as 0, 1, 2, or 3 (absent, mild, moderate, and severe, respectively) (interobserver agreement: kappa = 0.84, 95% confidence internal = 0.80--0.90).

Controls were recruited from health check volunteers at West China Second University Hospital of Sichuan University, Chengdu, China as described in a previous study.^\[[@R11]\]^ This study was approved by the ethics committees of West China Hospital and West China Second Hospital of Sichuan University. All subjects signed the informed consent forms.

2.2. Urine sample collection
----------------------------

Urine samples were collected immediately before the performance of renal biopsies in LN patients to keep a good comparability. A clean midstream urine was collected in a sterile 15 mL tube and centrifuged at 400 g for 5 minutes. The supernatant was aliquoted and then stored at −80°C until further use. Each urine sample was performed spot urine protein quantitative test (sulfosalicylic acid-sodium sulfate method) and urine creatinine test (enzymatic method) by Roche Cobas 6000 Analyzer (Roche Diagnostics, Mannheim, Germany). Ratio of spot urine protein to creatinine (SUP/Cr) was then calculated automatically.

2.3. Cytokine antibody array detection
--------------------------------------

Four urine samples (from 2 SLE patients with active LN and 2 SLE patients with inactive LN) were used to perform the semi-quantitative detection of 274 human proteins (C-Series human cytokine antibody array C4000, RayBiotech, Inc., Norcross, GA). The assay was carried out according to the manufacturer\'s instruction. Briefly, a set of 5 membranes was incubated with blocking buffer for 30 minutes, followed by incubation with 1.5 mL of a urine sample at 4°C overnight. After washing, membranes were incubated with a biotinylated antibody cocktail for 2 hours at room temperature (RT) with gentle shaking. After another round of washing, membranes were incubated with horseradish peroxidase (HRP)-streptavidin for 2 hours at RT with gentle shaking. Finally, signals on the membranes were detected by chemiluminescence using BIO-RAD ChemiDoc XRS system (Bio-Rad Laboratories, Inc., Ontario, CA).

2.4. Enzyme-linked immunosorbent assay (ELISA)
----------------------------------------------

The urinary concentrations of adiponectin (Acrp30), human growth-regulated oncogene β (GRO β), human growth-regulated oncogene γ (GRO γ), soluble intercellular cell adhesion molecule-1 (sICAM-1), matrix metalloproteinase-8 (MMP-8), neural cell adhesion molecule 1 (NCAM-1), Trappin-2, and CD26 were detected with commercial ELISA kits (RayBiotech, Inc., and Cloud-Clone Corp, TX). The assay procedure was performed according to the manufacturer\'s instructions. Samples were diluted and added into wells, then incubated at RT. After washing, plates were incubated with biotinylated antibody and streptavidin-HRP before the color development. After stopping, reactions were read immediately at 450 nm using a full wavelength microplate reader (Tecan Trading AG, Männedorf, Switzerland).

2.5. Strip test for rapid detection
-----------------------------------

The urinary sICAM-1 rapid detection qualitative strip test was developed using a colloidal gold immunochromatography assay as described previously.^\[[@R12]\]^ Briefly, 0.8 milligrams per milliliter (mg/mL) of goat antihuman ICAM-1 polyclonal antibody (R&D Systems, Minneapolis, MN) was jetted as a test (T) line and 1 mg/mL of goat antimouse IgG (ZSGB-BIO, Beijing, China) was jetted as a control (C) line. Glass fiber pads (Merck, Kenilworth, NJ) were dipped in gold-conjugated mouse antihuman ICAM-1 monoclonal antibody solution (R&D Systems). Eighty microliters of urine sample was added to the sample well of the test card. One or 2 lines could be observed in the control and test window within 10 to 15 minutes. Presence of both the red test and control lines was determined as positive for sICAM-1. Absence of test line and a presence of control line was determined as negative for sICAM-1.

2.6. Cloud-assisted IoT construction for strip test results processing
----------------------------------------------------------------------

The system model for processing the strip test results with cloud-assisted IoT involves 5 entities: a patient, a sensing device, an IoT device, a cloud server, and healthcare service providers (HSPs). Sensing device for processing the rapid detection test results consists of 4 modules: sensor module senses the colors of control line and test line of the strip; microprogrammed control unit (MCU) is responsible for processing the raw sensing data and scheduling the tasks of the device; random access memory (RAM) temporarily stores the sensing data that is waiting to upload to the cloud server; IoT communication module transmits the sensing data to the cloud server through a 2G-IoT network supported by China Mobile Group Co., Ltd, ,Beijing,China.

The workflow of e-healthcare system is as follow: IoT device, which acts as the data collector, gathers the results from the sensor module. The sensing data are aggregated into a single file called personal health information (PHI). Then, the PHI is transmitted to a cloud server for storage via IoT. The HSPs act as the data user and can monitor PHI of the patient and provide healthcare services (e.g., timely diagnosis and reactions) by querying and retrieving sensing data of the patient from cloud.

2.7. Statistical analysis
-------------------------

The normality of distribution of continuous variables was evaluated by one-sample Kolmogorov--Smirnov test in SPSS software version 13.0 (SPSS, Inc., Chicago, IL).

The continuous variables were described as the mean value ± standard deviation (SD) (data with a normal distribution) or as the median (interquartile range) (data with a nonnormal distribution). Kruskal--Walis test was used to detect the difference among the four groups. If *P*-value of Kruskal--Walis test was lower than .05, Dunn post hoc test was used to determine the difference between 2 groups. The sensitivity and specificity of each cytokine for diagnosis of LN was evaluated by receiver operating characteristic (ROC) curve. Correlation coefficient between sICAM-1/Cr and SUP/Cr, sICAM-1/Cr and AI, and SUP/Cr and AI was calculated by Spearman correlation. *P* \< .05 was considered as statistically significant. The interobserver agreements for SLEDAI score between 2 independent specialists, and for AI score between 2 independent pathologists were described by kappa statistic. All statistical analysis was performed using GraphPad Prism 5 software (San Diego, CA).

3. Results
==========

3.1. Renal biopsy histopathology
--------------------------------

According to the histologic classification, 7.2%, 4.0%, 18.4%, 60.0%, and 32.0% of the 125 active LN patients were diagnosed with class I, II, III, IV, and V, respectively. Among them, class V in combination with class III was noted in 8.0% of the LN patients, with class IV in 9.6% of the LN patients, and with class II in 1.6% of the LN patients.

The AI score was in the range of 1 to 12 with a median score at 5 in the 125-enrolled active LNs. The proliferation of mesangial cells was observed in almost all the patients and approximately 68.0% of the biopsies was scored 3. Fibrinoid necrosis or karyorrhexis was present in 11.0% of the patients with a maximum score of 2. Cellular crescents were seen in 45.0%, hyaline thrombi or wire loops in 8.8%, and mild leukocyte infiltration in 8.8%, and focal tubulointerstitial inflammation in 80.0% of the active LN patients.

3.2. Biomarker screening
------------------------

Potential biomarkers in the urine samples for evaluating LN activity were screened using a cytokine array. As shown in figure, Supplemental Content 2, which illustrates result of human cytokine antibody array, multiple positive spots were observed in each of the 4 samples assessed. Intensity for MCP-1, Acrp30, GRO, sICAM-1, MMP-8, NCAM-1, Trappin-2, and CD26 was much stronger in the active LN samples than in inactive LN samples. This result indicates that increased concentrations of these cytokines in urine were associated with the active LN, and would likely be useful as biomarkers for monitoring LN activity in patients. Therefore, these cytokines were further examined by a quantitative detection.

3.3. Biomarker verification
---------------------------

We initially analyzed the levels of 8 cytokines in a small panel of urinary samples. GRO β/Cr, GRO γ/Cr, and Trappin-2/Cr levels displayed no significant differences between the active and inactive LN groups or the group of SLE without LN (data not shown). Therefore, these cytokines were excluded from subsequent evaluation.

As shown in table (Supplemental Content 3, which illustrates levels of urinary Acrp30/Cr, sICAM-1/Cr, NCAM-1/Cr, CD26/Cr, and MMP-8/Cr in 4 groups) and Fig. [1](#F1){ref-type="fig"}, urinary Acrp30/Cr, sICAM-1/Cr, NCAM-1/Cr, and CD26/Cr levels in the active LN group were significantly higher than in other 3 groups (*P* \< .05). MMP-8/Cr levels were significantly higher in the active LN group compared to inactive LN group and the healthy controls (*P* \< .05), but not in the SLE without LN group (*P* \> .05).

![Urinary concentration/Cr value of the 5 cytokines. ∗*P* \< .05.](medi-97-e11287-g001){#F1}

3.4. Biomarker confirmation
---------------------------

According to the quantitative results, we found that Acrp30/Cr, sICAM-1/Cr, NCAM-1/Cr, and CD26/Cr might be used for monitoring LN activity in patients. Consequently, the diagnostic values for these markers were evaluated by ROC curve analysis (see Fig. [2](#F2){ref-type="fig"}). The cut-off values were chosen by considering the maximum sensitivity and acceptable specificity for diagnosing LN activity in patients (see Table [1](#T1){ref-type="table"}). The sensitivity and specificity of the 4 analytes reached above 80%, especially for sICAM-1/Cr. When the cut-off value was 1.68 ng/mg, the sensitivity of sICAM-1/Cr reached 93.33%. Thus, among the cytokines tested in our study, sICAM-1/Cr may serve as a potential urine biomarker for detecting LN activity.

![Diagnostic value of concentration/Cr of the 4 cytokines.](medi-97-e11287-g002){#F2}

###### 

Diagnostic value of Acrp30/Cr, NCAM-1/Cr, CD26/Cr, sICAM-1/Cr, and sICAM-1 for active LN.

![](medi-97-e11287-g003)

3.5. Correlation analysis
-------------------------

Correlation between the sICAM-1/Cr and SUP/Cr values or biopsy pathology AI in active LN patients was determined. A linear correlation was observed between sICAM-1/Cr and SUP/Cr (*r*^2^ = 0.27, *P* \< .01). However, a very weak correlation was noted between sICAM-1/Cr and AI (*r*^2^ = 0.06, *P* \< .05) and between SUP/Cr and AI (*r*^2^ = 0.08, *P* \< .05).

3.6. Diagnostic value of sICAM-1 for monitoring LN activity
-----------------------------------------------------------

As the levels of sICAM-1 and Cr in urine could not be quantified at home by the patients themselves, we therefore examined if the urine sICAM-1 concentration by itself would be enough for monitoring LN activity. As shown in Fig. [3](#F3){ref-type="fig"}, the urine sICAM-1 concentration was 15.75 ± 20.78 ng/mL, 0.48 (0.05--1.18) ng/mL, 0.88 ± 0.92 ng/mL, and 0.14 (0.05--0.66) ng/mL in active LN samples, inactive LN samples, SLE without LN samples, and healthy controls, respectively. The levels in the active LN group were significantly higher than in the patients with inactive LN, SLE without LN and in healthy controls (*P* \< .05). The area under the curve for sICAM-1 was 0.96 ± 0.01. When the cut-off value was set at 1.44 ng/mL, the sensitivity reached 98.33% and the specificity was as high as 85.71% (see Table [1](#T1){ref-type="table"}) for revealing active LN.

![Concentration and diagnostic value of urinary sICAM-1.](medi-97-e11287-g004){#F3}

3.7. sICAM-1 strip test for monitoring LN activity
--------------------------------------------------

A colloid gold-based sICAM-1 strip test was developed which allowed detection within 10 to 15 minutes after dropping the urine samples onto the strip. However, the minimal detection threshold was approximately 2 ng/mL, and therefore, this test may not be sensitive enough for some of the active LNs below this value.

Fifty urine samples, including 20 samples from active LN patients, were assessed with the strip test. The results showed a sensitivity of 95% and a specificity of 83.3% for revealing LN activity in patients. As expected, the signals of the test (T) line increased with increasing concentration of sICAM-1 (see Fig. [4](#F4){ref-type="fig"}). This indicates that the density of test line roughly reveals the sICAM-1 concentration in urine samples. Furthermore, as a positive T line suggests the sICAM-1 concentration to be above 2 ng/mL, a positive T line therefore indicates an active LN.

![sICAM-1 strip tests for urine samples. Color of test lines became darker with increasing level of urinary sICAM-1. A = 0.98 ng/mL, B = 1.86 ng/mL, C = 4.11 ng/mL, D = 14.71 ng/mL, E = 30.39 ng/mL, F = 82.85 ng/mL.](medi-97-e11287-g005){#F4}

3.8. e-Healthcare system for reading and storage of test results
----------------------------------------------------------------

An experimental e-healthcare system was prepared for reading and storing the test results (see Video, Supplemental Content 4, which demonstrates the workflow of e-healthcare system). Signal of both test and control lines was presented in numerical grade. The blank reading was Grade 0. The background reading of test line was Grade 1. Grade 2 to Grade 6 indicated the visible line in strip, and a higher numerical grade meant a stronger signal of the lines on the strip. Twenty urine samples with different sICAM-1 levels were examined with the strip test and e-healthcare system. The T line with average optical density (AOD) value of 50 to 80 was shown as Grade 2 or Grade 3, AOD value of 81 to 140 as Grade 3 or Grade 4, and Grade 5 or Grade 6 was shown when the AOD value exceeded 150.

4. Discussion and conclusions
=============================

Recurrent renal inflammation results in renal fibrosis and high mortality in patients with LN if the active status is not well controlled in a timely manner.^\[[@R13],[@R14]\]^ Once SLE or LN is diagnosed, regular urine testing is advised by the doctors. Random urinary protein/Cr ratio and/or 24-hour urinary protein quantitation have been frequently used in clinics for monitoring LN activity. However, these tests require special equipment and patients have to be either present in the hospitals or ship samples to hospitals for these tests. Furthermore, the remote tests do not generate results in a real time fashion.

There have been many studies on biomarkers for identifying active LN. Elevated anti-C1q autoantibodies, circulating cell-free DNA and renalase, etc. in serum have been reported to correlate with LN activities.^\[[@R15]--[@R17]\]^ Elevated urinary cell-free microRNA, neutrophil gelatinase-associated lipocalin, transforming growth factor-β1, and sCD25 and others are present in active LN.^\[[@R18]--[@R20]\]^ However, none of these are adequately sensitive and specific to be utilized as clinically useful tests.

We assumed that the expression of the urinary cytokine spectrum would be altered in kidney in an active inflammatory state.^\[[@R21]\]^ Indeed, we observed elevation in multiple inflammatory cytokines in urine of active LN patients. MCP-1 was previously reported as a biomarker for monitoring LN activity.^\[[@R22]--[@R24]\]^ However, urinary MCP-1 levels in active LN are at picogram levels, and quantification of this cytokine needs special equipment. This precluded us from using MCP-1 as a bedside or home based rapid test. Further quantitative and diagnostic studies demonstrated that the urinary sICAM-1 levels are in nanogram quantities, allowing the development of a simple and rapid colloid gold-based strip tests, so we developed a strip test, and the diagnostic value of the strip test are indeed acceptable for clinical use. Especially, the test generates results in minutes, and the interpretation of the results is straight forward for both medical professionals and patients. When we examined the intensity of the T lines on the strip test, we found that the T line intensity was in direct proportion to the sICAM-1 concentration with a reader that digitized and recorded the signals. Therefore, it is possible to tell the differences of T line intensities for longitudinal comparison, and thereby to identify the LN activities. Based on these features, the sICAM-1 rapid test has the potential for several clinical usages. First, this test can be used as an aid for diagnosis of active LN at hospitals when a quick decision needs to be made either for the judgment of the LN status or for the adjustment of the immunosuppressive therapy. Second, LN patients can use this affordable test to monitor the LN status periodically for the purpose of early detection of LN disease flare at home, which would offer an advantage over urine dipsticks, as urine dipsticks had a high false positive rate with 59.5% for protein as we described previously.^\[[@R25]\]^ Third, patients can monitor the therapeutic effect of the immunosuppression for an active LN to avoid inadequate or over immunosuppression. However, these potential tests need to be further confirmed in a clinical setting through a formal clinical trial.

In summary, the present study reveals that urinary Acrp30, NCAM-1, CD26, and especially sICAM-1 may be potentially useful biomarkers for the determination of LN activities. sICAM-1 appears to be a clinically useful and could be developed into a rapid test for bedside and home use for the management of LN patients.
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Abbreviations: Acrp30 = adiponectin, AI = activity index, AOD = average optical density, AUC = areas under the curve, Cr = creatinine, ESKD = end-stage kidney disease, GRO = growth-regulated oncogene, HRP = horseradish peroxidase, HSPs = healthcare service providers, IoT = Internet of things, ISN/RPS = International Society of Nephrology/Renal Pathology Society, LN = lupus nephritis, MCU = microprogrammed control unit, MMP-8 = matrix metalloproteinase-8, NCAM-1 = neural cell adhesion molecule 1, PHI = personal health information, RAM = random access memory, ROC = receiver operating characteristic, RT = room temperature, SD = standard deviation, sICAM-1 = soluble intercellular adhesion molecule-1, SLE = systemic lupus erythematous, SLEDAI = SLE disease activity index, SUP = spot urine protein.
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